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1.0 INTRODUCTION

This work was performed for the Rome Air Development Center (RADC) under

the Potdoctoral Program. The Statement of Work for this task .and a brief

uverview of the organization of the report are given below.

1.1 Statement of Work

"Integrated EMS/V techniques and applications." Experimentally and

analytically study the phenomenolog," of electromagnetic (EM) coupling to

determine parametrically how EM parameters (frequency, angle of incidence,

polarization, power levels, modulation, etc.) and object parameters (number of entry

ports; aperture size, shape and orientation; internal cavity size and shape; internal

cavity structure, etc.) relate to the measured responses (voltage and current) of

electronic components within a cavity. The overall goal is to predict, with

confidence, the susceptibility/vuinerability of a complex electronic system while

being subjected to intense EM fields.

1.2 Overview

This report has been organized as follows:

First, a brief description of the IR measurement technique that is used to map

the interior fields of a cylindrical cavity is presented. Then, the details of the

experimental setup for determining the cavity fields are described. This includes a

discussion of the development of a wire mesh viewport through which the interior

cavity fields can be viewed. Finally, the results of the experimental measurements

are presented. Some theoretical predictions are presented firs , followed by the

experimental data for several different configurations and frequencies.

-I-
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2.0 INTERIOR CAVITY FIELDS

In this report, an infrared (IR) measurement technique is described which can

be used to measure electric and/or magnetic fields. This technique is applied to

determine the electric fields inside a cavity. The cavity is a long, narrow cylinder

of circular cross-section, excited by a long, thin rectangular slot centered in its

side. The axis of the slot is parallel to the axis of the cylinder. The slot is

illuminated externally by a plane electromagnetic wave polarized along the axis of

the cylinder. The two-dimensional electric field is measured in the cross-section of

the cylinder. This measurement is repeated at a number of different cross-sections

so that a complete three-dimensioi,. map of the electric field is obtained. This

measurement procedure is repeated at several frequencies so that the effects of the

aperture and the external and internal cylindrical cavity resonances are determined.

This preliminary experimental study of the effects of resonance on the

coupling phenomenology was performed to direct the effects of the theoretical

study of this problem, which is the subject of another task.
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3.0 EXPERIMENTAL TESTS

An overview of the experimental tests that have been designed is given below.

Several tests are invisioned and will be performed at RADC and at The University of

Colorado at Colorado Springs (CU/Colorado Springs). Explicit details of the test

designs are presented later in Section 6.0.

3.1 Experimental Models

A simple model is being constructed at RADC in which classical probe tests

will be performed to determine the effects of resonancz on coupling phenomenology.

In these tests, a cylinder will be irradiated with a continuous wave (CW)

electromagnetic energy over a broad range of frequencies. The angle of

polarization between the incident electric field and the axis of the cylinder will be

varied. An aperture will be located in the side of the cyli|der. The position of the

aperture will be varied during the tests. The size, shape and orientation of the

aperture will also be varied.

3.2 Test Facilities

The coupling tests will be performed at the Rome Air Development Center

(RADC) in the Electromagnetic Compatibility Analysis Facility (EMCAF).

Preliminary tests will be perform-ýd in the small anechoic chamber; the final tests

will be performed in the large anechoic chamber.

All other work needed to develop the test methodologies used at RADC will be

performed at CU/Colorado Springs. In particular, a preliminary test of a similar,

but simpler, cylinder has been performed in the anechoic chamber (described below

in Section 4.0) in the Electromagnetics Laboratory (EML) at CU/Colorado Springa.

These preliminary tests used an IR measurement technique to map the fields inside

the cylinder.



3.3 Cylinder Designs

The first tests will be performed on a loaded cylinder being fabricated at

RADC. This cylinder is being fabricated in modular sections so that its exterior

length, interior cavity size, arid aperture location, shape, size, and orientation can

be easily varied. This cylinder is coaxial with an inner conductor which can be

loaded at either end.

The preliminary tests were performed on a similar cylinder fabricated at

CU/Colorado Springs. This cylinder is a hollow circular wave guide, constructed

with mesh end caps. One interchangeable modular section in the middle of the

cylinder can be used to place several different apertures into the side of the

cylinder.
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4.0 EML ANECHOIC CHAMBER FACILITY

An anechoic chamber was constructed inside the new Engineering and Applied

Science Building at CU/Colorado Springs. This chamber is an exact scale model of

the Electromagnetic Compatibility Analysis Facility (EMCAF) at the Rome Air

Development Center (RADC), at Griffiss AFB, NY. The CIJ/Colorado Springs

chamber is a 0.5625 scale model of the EMCAF chamber. This results in a chamber

28' long by 23' wide by 18' high (interior dimensions), cf. Figure 1. The large

absorbers in the specular reflecting areas are 36" long; the short absorbers in the

non-specular reflecting areas are 18" long. This produces a quiet zone of

approximately 10' x 10' x 5'. The UCCS chamber can be used over a frequency range

from approximately 100 MHz to 40 GHz. The chamber wall is of modular paneled

construction, minimum performance to meet TEMPEST requirements.

A walk-way to the pedestal area and a walk-way adjacent to the transmitting

wall to service the transmitting antennas has been installed inside the chamber. A

4' x 8' shielded equipment and personnel access door to the chamber is located in the

transmitting wall.

A source/instrumertation room is located adjacent to the anechoic chamber.

This room is 13' long by 17' wide by 10' high (interior dimensions). This room is

partitioned into a shielded source room and a shielded instrumentation area. The

room has a 3' x 7' shielded personnel access door. Bulkhead feed-through panels

have been installed on the centerline of the chamber and at the one-third points

along the transmitting wall of the chamber for cable connections to the antennas

used to illuminate the systems under test (SUT) inside the anechoic chamber. Four

200W KELTEC amplifiers cover the 1-2 GHz, 2-4 GHz, 4-8 GHz, and 8-18 GHz

frequency range. A 10W AR amplifier covers the 0.1-1 GHz frequency range.

These amplifiers are driven by an HP 8350B Sweep Oscillator with an HP 83592B RF

Plug-In which can operate between 10 MHz to 20.0 GHz, or by an HP 8340A

Synthesized Sweeper which can operate between 10 MHz to 26.5 GHz. An HP 8510

network analyzer is used to detect the received signals.
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5.0 INFRARED MEASUREMENT TECHNIQUE

The IR measurement technique involves placing a thin, planar, optimized, lossy

detection screen in the path of the electromagnetic wave at the position over which

the EM field is to be mapped. The details of this technique including the particular

requirements on the detection screen, are presented below. This discussion will

include the theoretical basis of the technique, the practical realization of the

method in the laboratory, and the present capabilities of the experimental system

used to implement the technique, both hardware and software, and the accuracy

that can be currently achieved by the system developed in the EML laboratory at

CU/Colorado Springs.

5.1 IR Theory

The infrared detection technique is based on heating that occurs when

electromagnetic energy is absorbed by an obiect. When the surface temperature

rises to 0.1 K or higher above ambient, the induced temperature distribution at the

surface (which corresponds to field intensities in that surface) can be detected by an

infrared scanning system via emitted thermal radiation. It is possible to relate

surface temperature variations to E and H field intensities, since a material can

absorb power via E and/or H field coupling. A brief discussion of the mechanism

involved in this process is presented below.

5.1.1 EM Absorption

Maxwell's equations describe the relationships between the electric field, E,

and the magnetic field, H, as functions of time, space, and the parameters of the

material in which the fields reside. The material parameters are conductivity ( o),

permittivity (), and permeability ( w ). These parameters can be functions of space

and frequency, but no spatial variations are assumed to be present in this study.
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Further, this work is being conducted at a single frequency, so the material

parameters can be considered constants.

When an EM wave travels through a material, a loss of power can occur due to

absorption of the wave.

5.1.2 IR [Detection

Absorbed power has been related to field intensities, and can also be shown to

relate to induced electric currents 3 and, in turn, an increase in temperature T in

the detection screen.

Thus, energy is absorbed from the incident radiation, the material is heated in

the absorbing region, and the localized two-dimensional heating patterns can then be

observed using an infrared scanning system.

Thc IR scanning systemn used for this work was the" AGA Thcrrmovision 70O I1R

system. The camera is cooled by liquid nitrogen (LN2) and produces a real-time

infrared video image of the object being viewed. This image can be displayed on

either a color or black and white video monitor. The image is composed of an array

of pixels 112 x 128 in size (14,336 pixels).

The image seen by the camera (scanning system) is actually an observation of

IR photon flux from a given solid angle from the object. The number of stored

digitized levels is 256, but a typical format for display is a color monitor where the

range is divided and each level (temperature) is assigned a color. Since infrared

emission froin a physical object depends not only on the temperature of the body but

also on the emissivity c of its surface, different objects at the same temperature

will emit different amounts of IR radiaLion (and, thus, appear to the IR camera to be

at different temperatures) if they have different emissivities.

This points out the difficulties which would be encountered in viewing a
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complex system of objects/materials -- correlations of actual object temperatures

would require knowledge of the emissivities of each surface. For this experiment,

the detection screen used was always the same material, oriented normal to the

camera; thus, the emissivity remained a constant, and any areas which emitted the

same intensity of thermal radiation were, in fact, at the same temperature. This

greatly simplified the calibration procedure required for these experiments. The

calibration procedure is outlined below in Section 7.0.

5.1.3 Material Optimization

After the electric field absorption problem is solved as a function of screen

thickness, conductivity and imaginary permittivity for an incident plane wave, an

approximate solution of the thermal problem relating surface temperature to

absorbed microwave power can then be obtained. For detection of fields external to

the test structure or in cavities, the material is optimized so as to allow only

sufficient absorbed power for IR observation, while minimizing the perturbation

caused to the field distribution being measured.

For the detection of the electric field scattered from an object, a requirement

exists for a material with the properly selected parameters such that sufficient

energy is absorbed for a given temperature rise.

Demonstrations of the IK detection of scattered electric fields were

accomplished using a screen of carbon paper mounted on styrofoam and placed in

the plane of interest. Classic experiments, including Yourig's Double Slit, Lloyd's

mirror, and diffractions from a straight edge, have been studied with good

correlation between theory and experiment (cf. Section 5-5). A method of

calibrating a material screen for current density and field strength as a function of

temperature rise has also been developed (cf. Section 7.2).
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5.1.4 Surface Current Detection

An EM wave incident on a metal structure will generally not deposit sufficient

energy into the surface to create a direct, detectable temperature increase.

Obstacles to direct IR detection of metallic surface currents include high

reflectivity with respect to the incident EM wave, low emissivity in the IR, and high

thermal conductivity for the diffusion of local heating. The IR detection of the

surface current density is accomplished through the interaction of the magnetic

field with a thin ferrite-loaded material, placed at the metal surface.

5.1.5 Energy Deposition

For heating to take place in a material, a certain amount of energy must be

deposited in the structure. The IR experimental technique is applicable for both

continuous (CW) as well as pulsed fields. Electric detection via IR has been seen at

2-4 GHz (CW) [ 1-14 1 and at 94 GHz (pulsed) [15,16 ]. The energy deposited in the

illuminated material is the product of power and duration. A steady state condition,

with an elevated temperature distribution, will occur as the energy deposited per

given time (power) is equal to the energy dissipated, primarily through radiation and

convective heat transfer. If the absorbed energy is sufficient in a single EM pulse,

the IR technique will provide a rapid means of obtaining the field amplitude

distribution.

5.1.6 IR Limitations

The disadvantages of IR detection include limited dynamic range, response

time limitations, thermal conduction and convective energy dissipation, and the

requirement for sufficient energy deposited in the observed medium. The range for

the temperature distribution is a function of the material parameters, available

energy, and sensitivity of the detection system. With multiple frame averaging, the

discrimination in temperature between pixel elements can be 0.02 K. An observed



temperature rise for a thin resistive material illuminated with less than 40 mW/cm 2

at 3 GHz has exceeded 21) K temperature rise for a range of 30 db. Standard probe

measurements, having a greater dynamic range, are made in areas of interest

identified initially through IR detection. As thermal mass is increased or

encapsulating layers are present at components such as a resistors, the response

time to obtain a maximum steady state temperature is increased. Sufficient

information as to locations of intense field and current activity can be obtained

without achieving a steady-state condition. Caution should be exercised in the

analysis of EM energy resulting in heat production as the heat dissipation is

accomplished through the thermal mechanisms of conduction and convection as well

as radiation in the IR detection range, though calibrations to field can be

accomplished.

5.2 Detection Screen

The IR technique is based on Poynting's Theorem for the absorption of

electromagnetic energy in a lossy material, when an electromagnetic wave passes

through that material. The lossy material forms a detection screen for the absorbed

electromagnetic energy. For the special case of a large, but thin, planar screen

being irradiated by a plane incident wave, the incident energy is simply related to

the absorbed energy through Snell's and Fresnel's Laws. Specifically, the incident

electric field intensity is related to the reflected, transmitted, and absorbed

electric field intensities by the angles of incidence, reflection, and transmission and

the reflection and transmission coefficients.

For a typical detection screen setup, the frequency domain relationships have

been developed for a lossy, complex planar screen sandwiched between two other

materials, usually air. These relationships have been presented elsewhere [ 17].

The absorbed EM energy in the detection screen is converted into thermal heat

energy. Part of this energy is re-radiated as "black body" energy, which can be



detected with a thermal IR scanning system, e.g., an AGA Thermovision 780 system.

For typical carbon based or ferrite detection screens, the radiation is close to a

"gray body" and also depends on the emissivity of the surface of the screen. The

emissivity of the detection screen used in the experiments reported on later were

measured in the EML Laboratory. Some of the absorbed electromagnetic energy

which is converted into heat energy is also convected and conducted into the

surrounding material, viz., the air around the surface of the screen and the support

structure on which the screen is placed.

The conductive heat loss into the supporting structure can be made negligibly

small by using a styrofoam base, which has a very small coefficient of thermal

conductivity.

The IR measurement technique, therefore, reduces to the simultaneous

solution of a non-linear thermal radiation problem from a planar screen, accounting

for the convection term, and an electromagnetic boundary value problem of a plane

wave incident on a lossy, complex planar screen.

5.3 Thermal Equilibrium

Referring to Figure 2, if the sceen has a large cross-sectional area A = h x w

and a small thickness t and lousy, complex constitutive parameters a, = el' - *1"

ii = u'- ju" at the frequency w , then, in thermal equilibrium [18],

Pabs = Qrad + Qconv + Qcond

where

Pabs = S (oE 2 +,w"E2 +wPi"H 2 )dV
V

and

Qrad = K et(T4 
- TA)

Qconv = 1.57 (T-To)
1l 2 5

hc.25n 0
Qcond = ()
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The volume integral is over the detection screen. K is the Stefan-Boltzmann

constant, e. is the emissivity of the screen at the angle of radiation to the IR

camera. T is the local elevated temperature of the screen (a function a position

over the screen) and To is the ambient background temperature. These tests are

usually performed in the EML anechoic chamber for precise control of the

background environment.

The IR camera, after calibration against a known black body reference source,

measures the temperature T(x,y) over the surface of the detector screen. Since

the detection screen is purposely made very thin, the temperature distribution

normal to the surface of the screen is assumed to be isothermal. The absorbed

electric field intensity, which is assumed to be constant through the screen

thickness (normal to the surface of the screen), can be determined by the

simultaneous solution of the above thermal and electromagnetic problems.

Using Snell's and Fresnel's Laws, the incident electric (or magnetic) field

intensity can then be determined from a solution of the electromagnetic boundary

value problem at the surface of a planar interface between air and the lossy,

complex detection screen.

Since the detection screen is thin (usually < 100 u m), it will not significantly

perturb the incident field to be measured. Also, the constitutive parameters of the

screen (a, ell, P') are adjusted so that only a small fraction of the incident power is

intercepted by the screen (usually Pabs < 0.05 Pinc)

A further simplification can be realized if a carbon type screen is used. For

this material, well < < a and wii " < < c , and the volume integral over the

detection screen for the absorbed power reduces to a& integral over the square of

the electric field intensity. Similarly, if a ferrite type screen is used on the surface

of a metal to detect the surface current through the magnetic field, the volume
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integral reduces to an integral over the square of the magnetic field intensity, since

the tanzntial electric field is zero. The detector screen, therefore, can be

optimized to minimally perturb the incident field and to detect either the electric

or the magnetic field intensity.

The net result is a two-dimensional image of the thermal pattern on the

detection screen which is directly correlated to the incident electric or magnetic

field intensity in the plane of the screen.

5.4 IR System Capabilities

An AGA Thermovision 780 system is used to measure the local surface

temperature of the detection screen as a function of position over the screen and as

a function of time in a pulsed mode of operation. The hardware and software

capabilities of this system are described below.

5.4.1 IR System Hardware Capabilities

The present system has two IR detectors: a short wave detector between 2 to

6 rn; a long wave detector between 8 to 14 unm. Wide angle (20.00), regular (7.00),

and telephoto (3.50) IR lens are available to frame the detection screen on the

detectors at various stand-off distances for various screen sizes. Several IR mirrors

are also available for use, if required. Each two-dimensional frame of the digitized

IR image on the detection screen is composed of 128 x 128 pixels. Each pixel is

represented by an 8-bit word, which allows for 256 levels of contrast. The detectors

are capable of resolving a 0.1 K change in temperature from pixel to pixel. With

multiple frame averaging, a 0.02 K change can be detected. As an example,

without averaging, the threshold sensitivity is approximately 0.1 mW/cm 2 inciden

power, if the detector screen is 80 i m in thickness and composed of carbon paper

with a conductivity of 8 mhos/m. A two-dimensional digitized image of the thermal

pattern on the detection screen can be viewed on a black and white or color monitor

or stored in the memory of the system for later viewing and/or processing.



5.A.2 IR System Software Capabilities

The regular IR camera interface with its local digitizer has been modified to

interface with an IBM AT/PC [19,20]. Each sample takes 4.9 us to detect and

digitize. Each complete frame takes, therefore, approximately 89 ms to process.

At the rate of 205 K samples per second, 15 frames can be taken in approximately

2.5 seconds. This is the present limit of the memory storage of the system. This

technique has been applied to CW and pulsed waves in the RF, microwave, and mm

wave regions.

5.5 IR Accuracy

To determine the accuracy of the IR measurement technique, two simple

microwave interference experiments were performed. These tests were the

measurement of the far-field interference from a virtual (image) source through a

ground plane (Lloyd's Mirror) aad the measurement of the near field (Fresnel Zone)

diffraction from an edge. These experiments were chosen because theoretical

solutions for the interference patterns are known [21,22].

5.5.1 Scattering from a Planar Surface (Lloyd's Mirror)

The experimental setup in the EML anechoic chamber is shown in Figure 3a. A

large planar ground plane is placed near a horn antenna, operating at L band (1-2

GHz). Due to the high conductivity of the metal of the ground plane, induced

surface charges and currents are excited on the surface of the plane. These induced

charges and currents launch a scattered wave from the surface of the plate. This

scattered wave can be modeled simply as a virtual (image) antenna radiating in the

absence of the ground plane. If a large carbon detection screen is placed near the

ground plane, as shown in Figure 3a, the interference pattern between the I.-rn and

its image can be measured. Referring to Figure 3b, the intensity of the interference

pattern, as a function of position across the detection screen measured from the

center line of the screen (point of intersection of the mirror with the screen), is
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shown dotted, as calculated from EM theory, and as a solid line, as measured with

the IR technique. The agreement is particularly good at all points except the

minima. The small errors at the minima are, most likely, due to thermal diffusion

from the hotter areas surrounding the cool spot at each minimum.

5.5.2 Diffraction from an Edge

The experimental setup in the EML anechoic chamber is shown in Figure 4a.

In a similar experiment to the one described above, a large conducting plane is

placed on edge near a horn antenna, operating at L band (1-2 GHz). Due to the

diffraction effects at the knife edge of the plane, a scattered wave from the

induced line source of current on the edge of the plane will interfere wiTh the direct

wave from the source antenna. If a carbon detection screen is placed near the

ground plane, as shown in Figure 4a, the interference pattern can be measured in the

near field of the diffraction source. R~eferring to Figure 4b, the intensity of the

interference pattern, as a function of position across the detection screen measured

from the center line of the screen (point of projection of the edge of the ground

plane to the screen), is shown dotted, as calcuiated from EM theory, and as a solid

line, as measured with the IR technique. Again, the agreement between theory and

measurement is quite good.
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6.0 CYLINDRICAL MODELS (DETAILS)

A simple cylindrical model is being constructed at RADC on which classical

probe tests will be performed to determine the effects of resornance on coupling

phenomenology. These tests will be performed in the EMC\F Anechoic Chamber at

RADC.

6.1 Cylinder Design

The cylinder is approximately 1 meter in length and 3" inside diameter. The

cylinder is loaded with an inner coaxial line which is terminated to the end caps of

the cylinder through load impedances.

An aperture is located in the wall of the cylinder. The cylinder is constructed

in a modular way so that the aperture can be positioned at any angle around the

circumference of the cylinder and can be located at various discrete positions along

the length of the cylinder. The aperture is also designed in a modular fashion.

Different apertures can be introduced into the side of the cylinder by replacing a

section of a removable plate in the side of the cylinder. In this manner, the size arnd

shape of the aperture can easily be changed. Also, the orientation of the axis of the

aperture can be changed relative to the axis of the cylinder.

The overall length of the cylinder and the internal cavity size can be adjusted

by adding shorting bulkheads inside the cavity or by adding dummy sections to the

outside of the cylinder.

The last section of the cylinder interior contains an isolated section designed

to contain a fiber optics telemetry system. This system will be designed to transmit

the detected voltage on the inner conductor of the coax to a receiver in the

instrumentation room in the EMCAF facility.
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7.0 IR SYSTEM CALIBRATION

For each detection screen material, the IR system must be calibrated, as

discussed below.

7.1 Isothermal Units to Temperature

The IR camera system provides data in the form of "ISU" or "isotherm" units.

For observatior.s of targets with surface temperatures which cover a wide range of

values, correlation from ISU values to temperature requires complicated

calculations and very detailed equipment calibration [ 2,19]. For this application,

however, the laboratory ambient temperature range is approximately between 230

and 310 K, and the temperature increase of the detection screen is on the order of

5 K or less. Thus, a linear relationship is assumed between the ISU units and

temperature when examined as differential quantities (that is, for two objects, the

difference between ISU values corresponds in an approximately linear fashion to the

difference between their temperatures).

AT=K* (A ISU)

where

K - Thermal Range/256

Although correlation to absolute temperature measurements is more

complicated, the above equation provides a method for transforming from a

difference between two ISU values to a temperature difference between two points.

7.2 Relative Temperature Differences Correlated to Electric Fields

For electric field detection, a carbon screen is used. A method to quantify the

increase in temperature in the carbon screen which results from irradiation with EM

energy has been described above. The next step is to relate the temperature

increase to the magnitude of the electric field at each point in the carbon screen.
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To develop a mathematical model for temperature increase as a function of

electric field, the heating that occurs is treated as a resistive power loss, familiar

from circuit theory. That is, the power dissipated by a volume carrying an electric

current is P = 12R, where I is the total current and R is the total resistance of

the volume. For the case of electric currents in the carbon du Iection screen, the

current per unit area (the current density, 3) is related to the total resistance of the

material, which is related to the conductivity of the material.

For a material with uniform conductivity of width W, length L and thickness

t, the total current will be

I = JdA

where A = cross sectional area of the material. 3 is assumed to be uniform for

small regions of the carbon detection screen (corresponding to the area viewed by a

single pixel of the IR scanning system). The resistance of this volume is [ 23]

R =L/A 0 = L/Lt a = l/t o

Thus, the power absorbed per unit area is

Power absorbed = 32R _2

Unit area to

To determine 3, it is assumed that the power absorbed per unit area over a

given time produces heat, resulting in a temperature increase which is

approximately a linear function of power absorbed, and, in turn, is proportional to

the square of the current density present [2,17]. This implies that the increase in

temperature can be modeled as

,AT = a32  (a = proportionality constant)

To account for imperfect agreement with such an idealized model, however, a

linear correction term is included in the relation discussed z .wve. Thus

A T = aj 2 + b0

or

aj 2 + WJ - AýT = 0
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So, using the quadratic equation,

-b. (b2 + 4a AT)O
2a

Note here that "a" must be positive, as is T; therefore, the term under the

radical is always positive and greater than b2 . (that is, the radical term is always

> b). The positive sign is used only to insure that J (current density) is never

negative.

Determination of the constants "a" and "b" is fairly straightforward. A known

current is passed through the carbon screen and the resultant heating which occurs

is recorded (in terms of ISU units, which then provides a measurement of

temperature increase). The data points obtained with this method are then used to

determine the values of "a" and "b" in the equation above. It should be noted that

the equation is constrained to intersect the point (0,0), based on the logical

assumption that zero electric current would result in zero temperature increase.

Empirically determined values of "a" and "b" for the ca. bon paint (as well as

two other detection screens commonly used in the CU/EML Lab, carbon paper and a

carbon loaded "space" cloth) are shown in Table I.

7.3 Experimental Arrangement

The experimental arrangement for performing this current-to-temperature

correlation is shown in Figure 5. In the case of the carbon paint on artboard or

carbon paper, the test screen used is the same as the detection screen used for the

experimental data taken for this report. The screen was prepared for this

correlation by placing two parallel copper tape strips on the surface (to be used as

electrodes). Silver paint was applied on the copper and carbon paint surfaces

overlapping the junction to ensure that good electrical contact was made. With an

identical piece of the carbon screen next to the test screen (to serve as a reference

at ambient temperature) the current through the test screen was incrementally



-20-

increased while the differential temperature levels between the test and reference

screens were recorded by the Thermovision system. It was assumed that the current

density was uniformly distributed throughout the carbon paint.

With the values of a and b known, the final correlation from current density

to electric field magnitude can be made by noting that (from Ma>all's form of Ohm's

Law)

3= oE

Thus, solving for the magnitude of the E field by combining the above

equations

E= 1 (-b+[ b 2 + 4a(K L ISU)] Y2)
0 2a

Now note that an expression has been provided to relate electric field

magnitude to observed thermal heating. To arrive at the magnitude of the E field

incident at the surface of the carbon screen, however, some additional corrections

must be applied to the above equation.

7.3.1 Corrections I

The electric field magnitude given by the above equation is that portion of the

incident electi c field absorbed by the carbon screen -- that is, the percentage

which is i) not reflected at the surface and, ii) the percentage which is then

absorbed rather than passing through the materip', The percentage of the incident

electric field which is reflected, absorbed, and transmitted by the carbon screen is

now considered.

It can be shown that the power absorbed by a conductive film is related to the

magnitude of the incident electric field by Snell's and Fresnel's Laws [ 23 ].

Note that the physical parameters of the material, viz. thickness (t),

conductivity ( o), permeability (I ), and permittivity (W), must be known.
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Thus, for the carbon paint screen, with an average thickness on the order of 80

microns, 5% of the incident power is absorbed. Since power is related to the square

of the electric field, this gives an incident electric field intensity of approximately

2%.

To correct for reflection and transmission of part of the incident EM

radiation, the above equation is also divided by the percentage attributed to actual

absorption to give:

Einc =Eabs 100/ 2

7.3.2 Corrections 2

Secondly, the correlation method outlined above relates the increase in screen

temperature to the magnitude of a constant electric current applied to the screen;

but, the experimental data recorded by the IR camera system is the heating which

occurs due to currents induced by an electric field which is a function of both time

and space.

To address the issue of spatial variations of the electric field, note that the

screen is on the order of 80 microns thick, thus, the variation of the electric field

magnitude through the carbon screen (at any instant) is negligible.

With respect to the time varying nature of the EM wave, note that the energy

absorbed by the carbon screen is a function of the EM power present inside the

screen, which is taken as proportional to the square of the RMS value of the (E or H)

field. Thus the magnitude of the E field calculated above is the RMS value of the

incident E field and must be. multiplied by V 2 to yield the results desired, the

peak value for the E field incident on the carbon screen.
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3.0 EXPERIMENTAL SETUP

The particular geometry and details of the experimental setup to measure the

interior fields of a cavity excited through a small thin slot aperture are described

below. The parameters of the RF source are also given. For this measurement, a

thin carbon disk placed inside the cavity was used as a detector. A special double

shielded wire mesh end cap was fabricated to replace the solid end cap of the

cylinder so that the cak bon disk detector could be viewed. Salient details of the

detector and viewport are also discussed.

9.I Cavity/Aperture Geometry

A one meter length of copper pipe, with a 4" inside diameter, was placed

horizontally in the EML anechoic chamber on a block of styrofoam, as shown in

Figure 6. A 3" long rectangular slot was cut into the side of the cylinder half way

between the ends of the cylinder, with the long axis of the slot parallel to the axis

of the cylinder. The width of the slot was 25 thousandths of an inch. Tnis slot size

was chosen to model a long thin seam or crack. A circular section of carbon paper

of thickness 80 u m and conductivity 8 mhos/m was placed on a round plug of art

board and placed inside the cylinder. The art board was used to stiffen the carbon

paper and to keep it flat and to position the disk inside the cylinder. The carbon

paper was trimmed off the outer edge of the disk so as not to touch the metal pipe

and to short out the induced charges or currents on the carbor, paper. This disk was

moved back and forth inside the cylinder to detect the circular cyli.ader electric

fields inside the cavity at any cross-section of interest.

One end of the cylinder was fitted with a solid copper end cap. The other end

of the cylinder, which served as a viewport for the IR radiati3n, was fitted with a

double layer of copper wire mesh, which was bonded to the end of the cylinder,



-23-

This wire mesh end cap acts like a solid shield at the microwave

Irequencies (1 - 18 GHz) of this experiment. While the wire mesh appears to be

opaque to energy at the microwave wavelengths, it is still transparent to the energy

at the IR wavelengths, which are approximately 10,000 times shorter in length. The

mesh size used was approximately 1/16" opening.

8.2 RF Source Parameters

A vertically polarized horn antenna, operating in the I - 18 GHz range, was

used to illuminate the closed end-cap cylinder. The aperture was aligned on the

bore sight of the horn pattern to produce maximum coupling. The frequency of the

source was varied to produce a range of effects. Specifically, the cavity wave guide

mode was excited below and above cut-off. Also, the frequency was swept across

several of the circular cylinder cavity resonant frequencie. and the aperture

resonant frequency.
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9.0 IR RESULTS

The measured IR results are presented below for the two cases of on and off

the resonant frequency of the aperture. Other cases will be presented in another

report.

The measured results are presented as thermograms of the raw, unprocessed

data. Processed relief maps and contour plots of the cross-sectional data are also

presented. Several longitudinal slices along the center line of the cylinder are also

produced.

9.1 Theoretical Predictions

Before the experimental results are given, however, several expected

theoretical results are presented. This includes the electric and magnetic fields

produced in the aperture, the circular cylinder wave guide modes that can be

excited inside the cavity, and the resonant frequency of the aperture and cavity

modes.

9.1.1 Aperture Coupling

As shown in Figure 7, for a good conductor, the electric field intensity E

becomes normal to the surface of the conductor as it approaches the surface of the

conductor, since the electromagnetic boundary conditions require that the

tangential component of the electric field vanish at the surface of the conductor.

When a small aperture is cut into the side of the metal, the electric field will

penetrate through the hole into the cavity formed behind the conductor. Strong

normal fields will exist inside the aperture and will fringe inside the cavity and

terminate normally on the inside surface of the conductor. This aperture coupled

field can be well approximated by a small normal electric dipole moment P situated

inside the aperture. The electric field of the coupled aperture excitation should

look similar to the electric field of a dipole over a ground plane, i.e., I . a

monopole inside the cavity.
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If a carbon disk is used as a detection screen, the IR thermograms will show

the isothermal patterns on the disk; these isotherms correspond roughly to the

contours of constant electric field strength. These curves are the family of equi-

contours orthogonal to the solid lines shown in Figure 7c. These equi-contours are

shown as dotted lines in Figure 7c. Although Figure 7 is shown for a plane, similar

results are expected for a circular cylinder at the frequencies tested.

Similarly, as shown in Figure 8, the magnetic field intensity H becomes

tangent to the surface of the conductor as it approaches the surface of the

conductor, since the electromagnetic boundary conditions require that the normal

component of the magnetic field vanish at the surface of the conductor. When a

small aperture is cut into the side of the metal, the magnetic field will penetrate

through the hole into the cavity formed behind the conductor. Strong normal fields

will exist inside the aperture and will fringe inside the cavity and return to the

oi'tside of the aperture (magnetic flux lines do not terminate on the side of the

conductor). The magnetic field lines that pass close by the inside surface of the

conductor will be tangent to the surface of the conductor. This aperture coupled

field can be well approximated by a bmall tangental magnetic dipole moment nm

situated inside the aperture. The magnetic field should look similar to the magnetic

field of a magnetic dipole over a ground plane, i.e., like a monopole inside the

cavity.

If a ferrite disk is used as the detection screen, the IR thermograms will show

the isothermal patterns on the disk; these isotherms correspond roughly to the

contours of constant magnetic field strength. These curves are the family of equi-

contours orthogonal to the solid lines shown in Figure 8c. These equi-contours are

shown as dotted lines in Figure 8c.
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9.1.2 Circular Cylinder Waveguide Modes

The dominant mode in a circular waveguide is the TEll mode. Higher order

TE and TM modes can also be excited by the dipole like fields which penetrate

through the aperture.

A two-dimensional contour plot of the first few waveguide modes that are

likely to be excited are shown in Figure 9.

9.1.3 Resonant Frequencies

The resonant frequency of a 3" by 25 thousands rectangular slot is

approximately 1.97 GHz. This is the frequency whose corresponding free space

wavelength makes the circumference of the slot a full wavelength. For a thin slot,

the length of the slot is approximately a half wavelength.

The resonant frequency of the TE and TM circular cylindrical cavity modes

can be calculated using the expressions [23]
TM _ c (rmn2)2 (2 )2

mnp 2 T, + (

or
f TE - c /'.~n~=mn /rmn )2 (p,)2

rmnp~ • - 20

where mn are the model indices in the transverse cross-section of the cylinder of

radius po and p is the modal index in the longitudinal direction of a cylinder of

length zo. In the above expressions, r and r' are the nth roots of the Bessel

Function (of the first kind) and its derivative of order m, respectively, i.e.,

Jm(rmn) = 0 n-- 1, 2, 3,..

J'm(r'mn) = 0 n = 1, 2. 3,

The roots of the lowest order TE and TM modes are given in Table II.

For the cylinder used in these tests with a radius p o = 2" and a length

zo = Im, the resonant frequencies of the first few modes are:
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TE.

TE = 1.73 GHzfrilllý

fTM
f r0 1 0  2.25 GHz

TE = 2.86 GHzfr211 -•

9.2 IR Measured Results

Two series of tests were performed: one at a frequency of 1.75 GHz, which is

just above the lowest order circular cavity mode; and one at 1.97 GHz, which is at

the resonant frequency of the aperture. The 1.75 GHz tests are, therefore, below

the res nant frequency of the aperture, but above the cutoff of the cavity mode.

In all of the cross-sectional thermograms to be presented in this section, the

measured IR results are presented as relief maps or as isothermal equi-contour

plots, cf. Figure 10 or 12.

In all of the figures shown in relief, the measured IR intensities at each pixel

location on the cross-section of the carbon detection disk are mapped in relief over

the corresponding vertical or horizontal position on the disk (measured in terms of

pixel number). The raw data on the disks from the IR measurements are found

inside a 4" diameter circle centered inside the rectangular relief map shown for

each case. The digitized format for a frame from the IR camera is square. All of

the data shown outside the 4" diameter circle is background noise seen by the

camera outside the circular cross-section of the cylinder. This noise is essentially

the anechoic walls of the chamber behind the cylinder, but in the view of the edges

of the camera's lens. The relief maps are rotated such that the position of the

aperture is located on the left side of the figures. In all cases, data were taken at

each 0.5 cm position throughout the length of the aperture, however, after passing

the edge of the aperture, data were taken at larger spacings.

9.2.1 1.75 GHz IR Test Results (Non-resonant Case)

Figures lOa-n show, in relief, the measured IR results at 1.75 GHz on
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the circular carbon detection screen at a number of different cross-sections inside

the circular cavity. Each cross-section is labeled on the top of the relief map with

the number of centimeters it is away from the center of the aperture. At this

frequency, the aperture is non-resonant.

Figures lOa-n also show equi-contour (isothermal) plots of the same data.

Figure 11 presents a relief map of a longitudinal slice of the data through the

center of the cylindrical cavity. This map was generated as a composite of

horizontal slices through the cross-sectional thermograms presented in Figures

lOa-n.

A study of Figures 10 and I I reveals a non-resonant "cool" electric dipole field

in the immediate vicinity of the aperture (cf. Figure 10a) coupling slowly into a pure

waveguide/cavity mode at the ends of the circular cylindrical cavity. Since the

aperture is not resonant, the cavity fields decay (evanescent ,nodes) with distance

from the aperture.

9.2.2 1.97 GHz IR Test Results (Resonant Case)

Figures 12a-p show, in relief, the measured IR results at 1.965 GHz on the

circular carbon detection screen at a number of different cross-sections inside the

circular cavity. Each cross-section is labeled on the top of the relief maps with the

number of centimeters it is away from the center of the aperture. At this

frequency, the aperture is resonant.

Figures 12a-p also show equi-contour (isothermal) plots of the same data.

Figure 13 presents a relief map of a longitudinal slice of the data through the

center of the cylindrical cavity. This map was generated as a composite of

horizontal slices through the cross-sectional thermograms presented in Figures

12a-p.
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A study of Figures 12 and 13 reveals a resonant "hot" electric dipole field

throughout the region of the aperture (cf. Figure 12a) coupling strongly into a pure

waveguide/cavity mode at the ends of the circular cylindrical cavity. Since the

aperture is resonant, the cavity fields do not decay significantly with distance from

the aperture.
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10.0 CONCLUSIONS

A comparison of the IR results presented for resonant and non-lesonant

coupling through a thin Miot to a circular cylindrical cavity shows the strong

influence on the coupled field intensity that can occur when the aperture is "tuned"

to receive the incident energy.

If the coupling is directed to a pick-up wire toward the ends of the cavity,

very little energy would be received by that wire for the non-resonant aperture

case; however, a large amount of energy would be received by that wire for the

resonant aperture case. For the resonant aperture case, the wire could be

positioned anywhere in the cavity and it would be situated in an area of large

electric field energy density. The position of the pick-up wire is much more critical

for the non-resonant aperture case.

It is concluded that frequency and position are important parameters to

consider when studying the intensity of the energy coupled through an aperture and

the resultant electromagnetic interference (EMI) with a pick-up wire located inside

the cavity.

Further studies will be conducted with different aperture shapes, sizes,

orientations and locations on the cylinder at different frequencies relative to the

resonant frequencies (and their harmonics) of the aperture and the internal cavity

modes.

Further work will be done to add a wire to the inside of the cavity and to

adjust the internal cavity resonant frequency relative to the aperture resonant

frequency. Also, the external size of the cylinder will be adjusted independently of

the internal cavity size to study the effect of the external resonance frequency of

the cylinder on the overall coupling phenomenology.
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Table 1. Values of a & b

Carbon Carbon Space
Paint Paper Cloth

"a" 41.81 4.241 7.507

"b" - .6533 - .4755 .7658
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Table II. Roots of the Bessel Function and its Derivative
(From: Marcuvitz, Waveguide Handbook)

I1o01-8 or J-) - 0
( /2 - 4,,i' - 1 (4,,' - 1)(28,' - 31)

-2)m + 2n-. -4(, + 2n - 1) .180'(,n + 2n- W

0 1 2 3 4 5 7

1 2.40)5 3.832 5.136 6.384) 7.SRR 8.771 9.930 11.086
2 5.520 7.016 8.417 9.76 1 11 .065 12.3311 13.5811 14.821
3 8.65.1 10.173 11.621) 13.015 14.372
4 11.792 13.323 14.7116

-HOOTS OF J' - 0

- m + 2r&3 41nI' + 3 1 12inl_+328.'.'- 11.2- -4(rn,+ 2n - 1) -48,(m + 2n - " >0

1 2 3 4 5 6 7

1 3.832 1.8411 3.054 4.201 5.317 6.416 7.501 8.578
2 7.OI6 5.331 6.706 8.015 1.282 10.520 11.735 12.932
3 10.173 8.536 9.060 11.340 12.682 13.987
4 13.324 11.706 13.170
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(a) Experimental Layout

Figure 3. Lloyd's Mirror Experiment
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Figure 4. Diffraction from a Half-Plane Experiment
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Figure 5. Simple Experimental Arrangement for Performing
Current-to-Temperature Correlations
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Figure 6. Cavity/Aperture Geometry
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Figure 7. Electric Field Behavior Near the Surface of a Good Conductor

(a) Shorted Aperture; Tangential E Field Zero

(b) Open Aperture: Normal E Field Penetration

(c) Open Aperture: Equivalent Normal Electric Dipole Moment
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Figure 8. Magnetic Field Behavior Near the Surface of a Good Conductor

(a) Shorted Aperture: Normal B Field Zero

(b) Open Aperture. Tangential B Field Penetration

(c) Open Aperture: Equivalent Tangential Magnetic Dipole Moment



46

1)•33412s

Hi t ILI. . .lFl.;'•/ \ "11.

- ~~i "~Tjj1rr\ -- 1

I, ' . , •• I £jL4 .

f /I

*''. : . H tk. . .I " I 4

*r 41' . IN,* I• I i

FigIu 9 Order ,r l "r-I

( ,H

,I; ______________

, .. ,r, 1 o ,'N v ,*r

(Frm:MaruvtzWaegid Handbook)



47

Figure 10. Cross-Sectional Relief Maps and Isothermal Equi-Contour Plots
of the Thermograms of the Interior Cylindrical Field at 1.75 GHz

(a) Detection Screen at Center of Aperture Slit

(b) Detection Screen at 1.0 cm from Center of Aperture Slit

(c) Detection Screen at 1.5 cm from Center of Aperture Slit

(d) Detection Screen at 2.0 cm from Center of Aperture Slit

(e) Detection Screen at 2.5 cm from Center of Aperture Slit

(f) Detection Screen at 3.0 cm from Center of Aperture Slit

(g) Detection Screen at 3.5 cm from Center of Aperture Slit

(h) Detection Screen at 4.0 cm from Center of Aperture Slit

(i) Detection Screen at 4.5 cm from Center of Aperture Slit

(j) Detection Screen at 5.0 cm from Center of Aperture Slit

(k) Detection Screen at 5.5 cm from Center of Aperture Slit

(1) Detection Screen at 23.0 cm from Center of Aperture Slit

(m) Detection Screen at 30.0 cm from Center of Aperture Slit

(n) Detection Screen at 1/4 lambda from Center of Aperture Slit
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Screen 3cm from slit center, 1.75GHz
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Screen 4cm from slit center, 1.75GHz
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Screen 5cm from slit center, 1.75GHz
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Screen 23cm from slit center, 1.75GHz
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Screen 30cm from slit center, 1.75GHz
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Screen 1/4 lambda from slit center, 1.75GHz
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Figure 12. Cross-Sectional Relief Maps and Isothermal Equi-Contour Plots
of the Thermograms of the Interior Cylindrical Field at 1.965 GHz

(a) Detection Screen at Center of Aperture Slit

(b) Detection Screen at 0.5 cm from Center of Aperture Slit

(c) Detection Screen at 1.0 cm from Center of Aperture Slit

(d) Detection Screen at 1.5 cm from Center of Aperture Slit

(e) Detection Screen at 2.0 cm from Center of Aperture Slit

(W) Detection Screen at 2.5 cm from Center of Aperture Slit

(g) Detection Screen a! 3.0 cm from Center of Aperture Slit

(n) Detection Screen at 3.5 cm from Center of ApIrtire Slit

(n Detection Screen at 4.0 cm f rom Center of Aperture Slit

(j) Detection Screen at 4.5 cm from Center of Aperture Slit

(k) Detection Screen at 5.0 cm from Center of Aperture Slit

(1) Detection Screen at 5.5 cm from Center of Aperture Slit

(i) Detection Screen at 12.0 cm from Center of Aperture Slit

(n) Detection Screen at 23.0 cm from Center of Aperture Slit

(o) Detection Screen at 30.0 cm from Center of Aperture Slit

(p) Detection Screen at 1/4 lambda from Center of Aperture Slit
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'NY-



67

Screen 2cm from slit center, 1.96GHz

I A ,

93



68

Screen 2.5cm from slit center, 1.96GHz

xk

(f4)



69

Screen 3cm from slit center, 1.96GHz
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Screen 5cm from slit center, 1.96GHz
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Screen 12cm from slit center, 1.96GHz
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Screen 30cm from slit center, 1.96GHz
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Screen 1/4 lambda from slit center, 1.96GHz
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selected acquxistion programs in support of Command, Control,
Corn runications and Intelligence (C3 I) activities. Technical and
engineering support within areas of competence is provided to
ESD Program Offices (POs) and other ESD elements to
perform effective acquisition of C'l syste.ns. The areas of
technical competence include communications, command and
control, battle management information processing, surveillance
sensors, intelligence data collection and handling, solid state
sciences, electromagnetic. . and propagation, and electronic
reliabiaity/maintainability and compatibility.


